Rider SA, Mullins LJ, Verdon RF, MacRae CA, Mullins JJ. Renin expression in developing zebrafish is associated with angiogenesis and requires the Notch pathway and endothelium. Am J Physiol Renal Physiol 309: F531-F539, 2015. First published July 22, 2015 doi:10.1152/ajprenal.00247.2015.-Although renin is a critical regulatory enzyme of the cardiovascular system, its roles in organogenesis and the establishment of cardiovascular homeostasis remain unclear. Mammalian renin-expressing cells are widespread in embryonic kidneys but are highly restricted, specialized endocrine cells in adults. With a functional pronephros, embryonic zebrafish are ideal for delineating the developmental functions of renin-expressing cells and the mechanisms governing renin transcription. Larval zebrafish renin expression originates in the mural cells of the juxtaglomerular anterior mesenteric artery and subsequently at extrarenal sites. The role of renin was determined by assessing responses to renin-angiotensin system blockade, salinity variation, and renal perfusion ablation. Renin expression did not respond to renal flow ablation but was modulated by inhibition of angiotensin-converting enzyme and altered salinity. Our data in larval fish are consistent with conservation of renin's physiological functions. Using transgenic renin reporter fish, with mindbomb and cloche mutants, we show that Notch signaling and the endothelium are essential for developmental renin expression. After inhibition of angiogenesis, renin-expressing cells precede angiogenic sprouts. Arising from separate lineages, but relying on mutual interplay with endothelial cells, renin-expressing cells are among the earliest mural cells observed in larval fish, performing both endocrine and paracrine functions.
renin; zebrafish; notch; endothelium; angiogenesis RENIN is the rate-limiting enzyme of the renin-angiotensin system (RAS). Mammalian ANG II, the effector of the RAS, is principally involved in blood pressure homeostasis by regulation of vasomotor tone and Na ϩ retention. ANG II also regulates cell proliferation and angiogenesis (12, 22) . Pathological activation of the RAS is associated with cardiovascular diseases, including hypertension and heart failure, and is consequently a major target of therapeutic agents (11) .
Renin and its cognate cells are required for normal renal development (2) , including angiogenesis of the renal vascular tree (59) . In mice, ablation of the renin gene or renin-expressing cells leads to renal developmental abnormalities (55, 71, 79) . The vasculature of mammalian embryonic kidneys have a transient but extensive coverage of mural renin-expressing cells (17, 31, 32, 47, 63) ; however, their function is unclear. Adult renin-expressing cells are restricted to the juxtaglomerular apparatus and play a vital role in ion homeostasis by secreting activated renin enzyme via cytoplasmic granules (17, 31, 36, 63) . Upon physiological challenge by RAS inhibition or low Na ϩ , prearteriolar vascular smooth muscle cells (VSMC) reestablish their embryonic renin phenotype (67) , a process dependent on Notch (61) and endothelial nitric oxide (51) .
The piscine renin gene (ren) was characterized in zebrafish and fugu by Liang et al. (43) . Teleosts represent the taxon with the most primitive renin and RAS known (14) . If functionally conserved, the fish RAS may also function in ion homeostasis and development. The zebrafish pronephros is functional from 76 hours postfertilization (hpf) (13) , and recent studies in fish have suggested that larval renin (24) and the RAS (35) may be involved in ion homeostasis. Canonical ANG II-mediated Na ϩ uptake via aldosterone activation of the epithelial Na ϩ channel in the distal nephron of mammals may differ in zebrafish, which lack aldosterone synthase.
The aims of the present study were to 1) create a ren reporter transgene to characterize spatial and temporal renin expression; 2) measure transgene expression in response to RAS blockade, salinity challenge, and ablation of renal perfusion; 3) assess the positioning of renin-expressing cells before angiogenesis; and 4) address the mechanisms underlying developmental renin expression in zebrafish by determining the requirement for the endothelium and Notch signaling.
Using transgenic zebrafish and in situ mRNA analysis, we report both juxtaglomerular and extrarenal mural renin-expressing cells during development. Modulation of the ren transgene by RAS blockade confirmed the conserved role of renin within this ancient enzyme cascade. Although not affected by ablated renal perfusion, the response of ren expression to salinity variation was consistent with an endocrine function of renin-expressing cells in ion homeostasis of larval fish. After restriction of angiogenesis, ren-expressing cells were observed preceding angiogenic sprout tips. Notch signaling and an intact endothelium are essential for developmental ren expression.
METHODS
Fish lines and husbandry. Experiments were approved by the local ethics committee and conducted in accordance with the Animals (Scientific Procedures) Act 1986 in a United Kingdom Home Officeapproved establishment. Fish (Danio rerio) were maintained at 28.5°C, as previously described by Westerfield (75 Kimmel et al. (33) and anesthetized with 40 g/ml tricaine methanesulfonate. Mutants were phenotypically selected as previously described (30, 70) .
Generation of Tg(ren:RFP) fish. A 6.46-kb region from the ren translational initiation site (43) to the neighboring upstream zgc: 162200 gene was isolated from BAC CH73-270F23 (CHORI, Oakland, CA) using the following primer sequences with attB sites for gateway recombination into pDONR4-PIR (Invitrogen): ren forward 5=-GGGGACAACTTTGTATAGAAAAGTTGCTCGCCACACG-GTTGTGAAA-3= and ren reverse 3=-GGGGACTGCTTTTTTGTA-CAAACTTGCTCTCACTGATGGATCTAT-5=. The fragment was recombined upstream of red fluorescent protein (RFP) and simian virus 40 polyA by three-way gateway cloning into pDestTol2CG2 (containing minimal tol2 ends and cardiac myosin light chain:GFP) of the tol2 system (38) . Plasmid DNA was coinjected with transposase mRNA. Fish with visible ren-RFP fluorescence displayed similar expression patterns.
Patent vasculature visualization. Patent vessels were visualized in live Tg(ren:RFP) fish by injection, via the sinus venosus, of a 1% solution of FITC-dextran [relative molecular mass (M r): 500,000, Molecular Probes] in 1ϫ PBS. After injection and recovery, fish were imaged live within 2 h under anesthesia.
Physiological challenges. Salinity solutions were prepared as previously described (24, 60) . Captopril (C4042, Sigma-Aldrich) was administered at 0.1 mM. A dose response in conditioned water (CW) determined that a 0.1 mM captopril exposure between 24 and 96 hpf was the maximum dose for 100% viability with no overt phenotypes (data not shown). In all treatments, embryos were maintained in CW until 24 hpf, after which they were dechorinated and transferred into respective solutions in triplicate.
In situ hybridization. In situ hybridizations (ISHs) were conducted on 0.003% phenylthiourea-treated fish using standard protocols (73) . Briefly, a 500-bp digoxigenin (DIG)-labeled RNA probe was synthesised from ren cDNA. Embryos were rehydrated, permeablized, and incubated at 65°C for 16 h in hybridization buffer. After hybridization, DIG-labeled RNA probes were detected with an alkaline phosphatase-conjugated anti-DIG antibody (Roche) visualized by reaction with 5-bromo-4-chloro-3-indolylphosphate and nitroblue tetrazolium.
Hemodynamic blockade. Blood flow was stopped at 26 -28 hpf by injection of molten 1% low-melting (LMP) agarose in 1ϫ PBS containing 0.1% FITC-dextran (Mr: 500,000) via the sinus venosus. Sham embryos were injected with the same omitting LMP agarose. Embryos were selected at 30 hpf for a confirmed lack of flow and monitored daily for flow absence until use.
VEGF receptor inhibition. Anterior mesenteric artery (AMA) angiogenesis was inhibited with 0.2 M axitinib (PZ0193, Sigma) in CW with 0.002% DMSO as similarly performed by Chimote et al. (8) Dechorinated embryos were axitinib treated from 24 to 60 hpf and then maintained in CW to 76 hpf. The vasculature was normal in DMSO-treated controls.
Imaging. Whole mount ISHs were embedded in 3% methylcellulose and imaged using a Leica MZ16F stereomicroscope with top lighting. For confocal (ϫ20 objective, ϫ2 averaging) and multiphoton (ϫ15 objective) microscopy, anesthetized embryos were mounted in LMP agarose and imaged with a Zeiss LSM510, Leica SP5, or Olympus FV1000MPE. Optical thickness ranged between 1 and 2 m. Huygens Professional was used for deconvolution. Maximal intensity projections were created with Fiji. For ren-RFP analysis, anesthetized embryos were imaged live in respective treatments using a Nikon Eclipse inverted compound microscope (ϫ20 objective). Fluorescence intensity, exposure, and gain were kept constant for each experiment. Mean RFP intensity and RFP area were determined with Fiji based on a defined color threshold (see Fig. 3A ).
Statistics. Statistical analyses were performed with GraphPad Prism 5 (La Jolla, CA). Linear regression was used to analyze developmental ren-RFP. Differences in mean ren-RFP intensity or ren-RFP area across salinity and captopril treatments were subjected to ANOVA and post hoc Tukey honestly significant difference tests. Values are reported as means Ϯ SE. P values of Ͻ0.05 were considered significant.
RESULTS

Larval fish renin characterization.
A ren:RFP transgene was created to label ren-expressing cells with RFP. Zebrafish ren mRNA is detectable by ISH at 24 hpf (43) . In the same location as ren mRNA (Fig. 1A) , ren-RFP was detectable at the dorsal aorta (DA) from ϳ48 hpf (Fig. 1, B and C) . Injected FITCdextrans too large to pass the glomerular filtration barrier (34) delineated patent glomerular arterioles draining into the reninexpressing AMA (Fig. 1D) . The AMA supplies the swim bladder arteries and the vascular plexus of the gastrointestinal tract (33) and also drains the interrenal vessel (9) . The closely associated expression of endothelial kdrl-GFP (10) and ren-RFP is consistent with mural cell ren expression (Fig. 1E) , as previously reported in mammals (63) . Renin-expressing cells are also in contact with Wilms tumor 1b-expressing glomerular primordial cells (Fig. 1 , F and G) (3, 56) , as also shown by Laing et al. (43) and Hoshijima and Hirose (24) with podocin and ren ISHs.
Albeit less marked than at the principal site of ren expression, the AMA, mural ren was also identified at extrarenal locations. At ϳ96 hpf, RFP extended from the origins of the peritubular ( Fig. 2E ) pectoral arteries (PAs; Figs. 1H and 2, A-C). From ϳ96 hpf, the anterior DA faintly expressed discontinuous ren (Fig. 2, A and B) . From ϳ5 days postfertilization (dpf), particularly on the ventral surface, intermittent RFP was also faintly visible in the mid and posterior DA (Figs. 1H and 2D). From ϳ5 dpf, increasingly intense mural renin expression appeared at the posterior mesenteric arteries (PMAs), which also supply the gastrointestinal tract ( To test if ren expression in larval zebrafish increases during development, as observed in mammals (19, 49, 63) , mean ren-RFP intensity (a surrogate of ren expression) and RFP area over the AMA were quantified using image analysis in Tg(ren: RFP) fish (Fig. 3A ) from 3 to 7 dpf. Both RFP intensity and RFP area increased linearly (Fig. 3 , B and C), demonstrating the increasing level of ren transcription and extent of mural renin expression during larval fish development.
Physiological challenge and renin expression. In adult mammals, low Na ϩ or RAS inhibition by angiotensin-converting enzyme (ACE) inhibitors, such as captopril, upregulate ren mRNA and renin protein (21, 80) . In combination, low salinity and captopril result in juxtaglomerular cell hypertrophy and renin cell recruitment along renal arterioles (7, 18, 36, 67) . Blockade of the RAS cascade arrests the ANG II-mediated negative feedback loop regulating ren transcription and renin cell recruitment (36) . Responses of the ren-RFP transgene to physiological challenge were determined at the AMA by RFP analysis. Combined captopril and dilute medium resulted in a 97% loss of viability (Fig. 3D) , revealing an increased requirement for a functional RAS in low salinity. In normal salinity, consistent with RAS-mediated negative feedback on ren expression, RAS blockade increased mural cell ren-RFP expression and ren-RFP coverage at the AMA. In high salinity, the effect of captopril on ren-RFP coverage was attenuated and RFP expression was not significantly modulated (Fig. 3, E and  F) . The decreased ren-RFP expression observed between low and high salinities was compatible with a role for renin in ion homeostasis in larval fish (Fig. 3E) . Salinity alone did not affect mural ren-RFP coverage at the AMA (Fig. 3F) .
Renin expression and hemodynamic blockade. In mammals, decreased renal perfusion increases renin expression via putative baroceptor-mediated upregulation (20, 36) . In fish, hemodynamic force is required for normal organ development, including the heart (1, 25) and glomerulus (68) . The effect of hemodynamic flow on renin expression was tested in larval fish using injected agar to globally arrest circulation. Despite the ability to survive up to 7 dpf without circulatory flow, assays for blood flow ablation are limited in zebrafish (25, 68) . Cardiovascular flow begins at ϳ24 hpf (33) and may be completely ablated by agar from 26 to 28 hpf. Fish without flow display evasive swim behavior and maintain a heartbeat up to 5 dpf. Ablation of hemodynamic flow and associated renal perfusion did not result in clear observable differences in ren-RFP expression at the AMA ( Fig. 4, A and B) ; image analysis of RFP was not possible due to edema (Fig. 4D ).
Angiogenesis and renin-expressing cells.
Renin-expressing cells observed at branch points of the developing murine renal vasculature suggest an involvement in angiogenesis (59) . Indeed, embryonic ablation of several RAS components in rodents results in renal developmental pathologies indicating the requirement of the RAS during renal development (23, 55, 66, 71) . Axitinib, a highly selective inhibitor of VEGF receptors 1-3, inhibits angiogenesis in both mammals (26) and zebrafish (8, 81) . Inhibition of the formation of the AMA by angiogenesis allowed detection of ren-RFP before its formation, which otherwise forms too early for detectable transgene expression. With angiogenesis inhibited, ren-expressing cells were observed at the ventral DA marking the initiation point of the preceding AMA angiogenic sprout (Fig. 4E) . After axitinib washout (Fig. 4F) , AMA angiogenesis proceeded and renexpressing cells were located at the AMA origin as normal. Expression of both ren-RFP and VEGF receptor (kdrl-GFP) were strongest at the interface between the two cell types.
Notch signaling and renin expression. Mammalian renin cells contain high levels of Notch3 and express Jagged1 and
Hey1, which regulate gene transcription via the transcriptional regulator RBP-J, which binds to the renin promoter (4). Murine RPB-J knockout results in reduced renin mRNA, plasma renin, juxtaglomerular cell number, and ability to recruit renin cells after physiological challenge (61). In mice, RBP-J deletion in FOXD1 cells (mural and renin cell progenitors) causes renal developmental defects and a severe reduction in renin expression (46) . The requirement of Notch signaling for ren expression in developing fish was assessed in Notch signalingimpaired mib ta52b mutants, which are phenotypically the strongest of mutant mib alleles (82) . The ubiquitin ligase mib is essential for the Delta-mediated activation of the transmembrane Notch receptor in target cells (29) . At the 30-somite stage (ϳ24 hpf), Notch3 is strongly expressed in the DA but is not detectable in mib mutants (40) . Neither ren-RFP nor ren mRNA were expressed in mib mutants at any stage (Fig. 5) . Thus, Notch signaling is essential for embryonic and larval ren expression. and ren-RFP area (R 2 ϭ 0.5911, P Ͻ 0.0001; C) at the AMA from 3 to 7 dpf. D: 100% viability was seen across all salinity and captopril treatments except for dilute medium (1:20ϫ CW) with the angiotensin-converting enzyme inhibitor captopril (0.1 mM), in which viability was just 3% by 96 hpf (n ϭ 3, P Ͻ0.0001 by ANOVA). E: by 96 hpf, mean ren-RFP intensity was significantly affected by ambient salinity and captopril treatments (n ϭ 31-35, P Ͻ 0.0001 by ANOVA). Post hoc analysis showed that 0.1 mM captopril in the control medium (1ϫ CW) increased mean ren-RFP intensity; this effect was not significant in high salinity. Mean ren-RFP intensity was modulated by salinity alone, resulting in significantly lower RFP expression between low and high salinities. F: the area of ren-RFP expression was also significantly affected by captopril treatment (n ϭ 31-35, P Ͻ 0.0001 by ANOVA) in both control medium and high salinity by 96 hpf. Salinity alone did not change the area of ren-RFP expression at the AMA.
Renin expression and the endothelium. In mammals, renin cell positioning and control of renin expression rely on endothelial NO (51) and connexin gap junctions between the two cell types (6, 16, 37, 72) , and may explain why isolated renin cells lose the ability to secrete renin (64) . The effect of a lack of endothelium was tested in vivo with endothelium-deficient clo m39 mutants (69) . The clo m39 allele includes deletion of lyscardiolipin acyltransferase, which is required for hemangioblast differentiation to hematopoietic and endothelial lineages (42, 44, 45, 70) . Although ren mRNA was expressed in early stage clo mutants (Fig. 6, A-D) , by 96 hpf neither ren mRNA nor ren-RFP were detectable (Fig. 6 ). This is consistent with an endothelial requirement by mural ren-expressing cells for maintained ren expression and confirms that the lineage of ren-expressing cells is distinct from that of the hemangioblast.
DISCUSSION
The present study provides novel in vivo evidence of the distinct lineage and essential relationship between endothelial and mural ren-expressing cells. The 300-bp mammalian proximal renin promoter shows strong sequence conservation between mammalian genomes (53) . Conversely, that of the zebrafish has poor sequence identity (40.8%) when aligned with mouse Ren (Vector NTI, Invitrogen). The mammalian renin promoter contains transcription factor-binding sites necessary for renin expression, including a cAMP-responsive element (52), a HOX·PBX site, and a recognition sequence for RBP-J (53); these sequences are also present in the 6.4-kb zebrafish promoter/enhancer sequence sufficient for bona fide transgene expression.
In common with mammals, (49, 63) larval zebrafish ren is expressed in mural cells of the developing vasculature. Tubuloglomerular feedback (TGF) in mammals controls glomerular flow via afferent arteriolar smooth muscle cell vasoconstriction (57) . The pronephric renin-expressing cells of zebrafish are postglomerular, which suggests that tubuloglomerular feedback may not exist in larval fish. Mural cells of the AMA and DA express early VSMC markers (62, 65, 77) and the pericyte marker PDGF receptor b (pdgfrb) in the DA (74) . However, these cells lack myofilaments and cytoskeletal plaques, which is consistent with undifferentiated and noncontractile cells (39, 48, 62) . Due to low circulatory pressures in fish (62, 77) , AMA mural cells may not directly impact on vascular tone but rather perform angiogenic and endocrine functions. It is currently unknown if the tubuloglomerular feedback mechanism is acquired in the adult mesonephric kidney.
The mammalian extrarenal RAS is characterized by low levels of renin or prorenin involving either local renin synthesis or tissue uptake from plasma (5, 54) . In the murine embryo, renin is expressed in the submandibular (in males only) and adrenal glands, but its role is not clear (31) . Mural ren expression at the mesenteric arteries, in conjunction with strong gastrointestinal ACE expression (Rauch et al.; direct data submission to zfin.org), suggests a requirement for the RAS by the developing gastrointestinal tract. In mammals, a local RAS in the digestive organ may play a role in Na ϩ and water absorption (15, 54) .
The classic functions of the mammalian RAS, including VSMC contraction, aldosterone release, and renal tubular Na ϩ reabsorption, are mediated by the ANG II type 1 (AT 1 ) receptor (12) . A second receptor [the ANG II type 2 (AT 2 ) receptor], proposed to modulate the actions of the AT 1 receptor, is found in abundance in early fetal development, but expression falls after birth. Similarly, expression of the zebrafish AT 2 receptor (agtr2), seen principally in the DA at 24 hpf, begins to diminish by 36 hpf (78) . As expression of renin continues to increase after 36 hpf, the principal roles of renin/RAS in developing zebrafish, be it for ion homeostasis or other functions, may be via the AT 1 rather than AT 2 receptor.
The limited response of ren expression to salinity challenge is compatible with its conserved role for ion homeostasis in larval fish. Before the acquisition of a functional pronephros at 72 hpf, the RAS may be of greater importance for developmental purposes, as regulated ion uptake occurs at gill and integument ionocytes (7) . Although fish lack aldosterone, acute exposure to ion-poor water or ANG II results in increased whole body Na ϩ and Na ϩ /Cl Ϫ cotransporter mRNA (35) . However, orthologues of the mammalian epithelial Na ϩ channel have yet to be identified teleosts (27, 28) . Decreased renal perfusion increases renin expression via a putative baroceptormediated upregulation in mammals (20, 36) . The lack of a ren response to flow suggests that this regulation may not occur in larval zebrafish, although it may be acquired in the mesonephric kidney.
The presence of ren-expressing cells preceding the AMA angiogenic sprout suggests a role in angiogenesis of vessels destined to harbor mural renin-expressing cells. This may explain the presence of ren at the zebrafish PA branch and the predominance of renin-expressing cells at vessel branch points in embryonic rat kidneys (59) . Pericytes at angiogenic sprout tips are also observed in developing rat mesenteries (50), but their role is not understood. Renin cells may not just be involved in branching, as zebrafish PMA ren-expressing cells originate midvessel, as do many murine embryonic renin cells (63) .
Our data using ISH and a ren-RFP transgene show that both the Notch pathway and the presence of endothelial cells are indispensable for developmental ren expression. As in mammals, zebrafish mural cells are thought to originate from the lateral plate mesoderm (62) . Although displaying a disorganized and incompletely patent vasculature, mib mutants still generate kdrl-expressing endothelial cells (40, 41) .
Zebrafish mural ren-expressing cells perform an endocrine role in cardiovascular homeostasis and may also participate in angiogenesis. The ren-RFP transgene is currently the earliest transgenic marker of mural cells in zebrafish, appearing at least as early as pdgfrb-expressing pericytes (74) . During development, the RAS may not only be required by the developing kidney and its vasculature but also other organs, including the gastrointestinal tract. Arising from distinct lineages, the mutual interplay, including Notch, between ren-expressing cells and the endothelium is essential. The response of zebrafish ren to salinity variation and an ACE inhibitor widely used in human antihypertensive treatment reveals the functional conservation of the RAS. Transgenic ren reporter fish will be valuable for modeling mammalian renal physiology using drug and genetic screens relating to the renin cell phenotype, renal organogenesis, and the cardiorenal axis. 
